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Five  microbial  lipase  preparations  from  several  sources  were  immobilized  by hydrophobic  adsorption
on  small  or  large  poly-hydroxybutyrate  (PHB)  beads  and  the  effect  of  the  support  particle  size  on the
biocatalyst  activity  was  assessed  in  the hydrolysis  of  olive  oil,  esteriﬁcation  of butyric  acid  with butanol
and  transesteriﬁcation  of  babassu  oil  (Orbignya  sp.) with  ethanol.  The  catalytic  activity  of  the  immobi-
lized  lipases  in  both  olive  oil  hydrolysis  and  biodiesel  synthesis  was  inﬂuenced  by the  particle  size of
PHB  and  lipase  source.  In  the  esteriﬁcation  reaction  such  inﬂuence  was  not  observed.  Geobacillus  thermo-
catenulatus  lipase  (BTL2)  was considered  to  be  inadequate  to catalyze  biodiesel  synthesis,  but displayed
high  esteriﬁcation  activity.  Butyl  butyrate  synthesis  catalyzed  by  BTL2  immobilized  on small  PHB  beads
−1
oly-hydroxybutyrate
article size
atalytic properties
gave the  highest  yield  (≈90  mmol  L ). In biodiesel  synthesis,  the  catalytic  activity  of  the  immobilized
lipases  was  signiﬁcantly  increased  in  comparison  to the free  lipases.  Full  conversion  of  babassu  oil into
ethyl  esters  was  achieved  at 72  h  in  the  presence  of Pseudozyma  antarctica  type  B (CALB),  Thermomyces
lanuginosus  lipase  (Lipex® 100L)  immobilized  on  either  small  or  large  PHB  beads  and  Pseudomonas  ﬂuo-
rescens  (PFL)  immobilized  on  large  PHB  beads.  The  latter  preparation  presented  the  highest  productivity
(40.9  mg  of ethyl  esters  mg−1 immobilized  protein  h−1).. Introduction
Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are enzymes
hat in nature catalyze the cleavage of ester bonds in tri-, di-
 and monoacylglycerols to glycerol and free fatty acids [1].
n organic medium, lipases also catalyze esteriﬁcations, trans-
steriﬁcations and interesteriﬁcations [1–4]. These enzymes are
pplied in several industrial processes including synthesis of
iopolymers, production of pharmaceuticals, agrochemicals, cos-
etics, ﬂavors, treatment of waste rich in lipids and biodiesel
ynthesis by transesteriﬁcation of triglycerides with short-chain
lcohols [1–17].
With respect to the biodiesel synthesis, and despite the fact
hat an enzymatic process is still not commercially developed, number of articles have shown that enzyme holds promise as
atalyst [6,7,18]. These studies consist mainly in optimizing the
eaction conditions (vegetable oil, alcohol, molar ratio, solvent,
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temperature, lipase source and immobilizing support) in order to
establish the characteristics for industrial applications [6–14].
Lipases have been immobilized in different organic/inorganic
supports by physical adsorption, encapsulation, covalent attach-
ment or cross-linking [8–34]. For application in an organic medium,
a strong enzyme-support interaction is not required. Under these
conditions, the enzyme is insoluble in the apolar medium and phys-
ical adsorption may  be a suitable method of immobilization. This
method is easy, cheap and allows a simple recycling of the support
at the end of the enzyme’s life. However, the chance of desorp-
tion of the enzyme is the main disadvantage of this immobilization
procedure [19].
The immobilization by physical adsorption on hydrophobic sup-
ports is explained through an important property of the lipases,
namely interfacial activation in the presence of hydrophobic inter-
faces. Lipases have an oligopeptide chain “lid” that covers their
active site making them inaccessible to substrates. In the absence
of an interface, the active site is secluded from the reaction
medium showing “closed conformation”. However, in the presence
Open access under the Elsevier OA license. of a hydrophobic interface, important conformational rearrange-
ments take place resulting in the “open conformation” [35–37].
In this case, lipases are strongly adsorbed to hydrophobic inter-
faces through the hydrophobic face of the “lid” that cover their
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ctive site, an hydrophobic surrounding of the active center of the
ipase. Hence, lipases recognize these surfaces as similar to those of
heir natural substrates (drops of oil), yielding “immobilized open
tructures” [30–34].
Commercially available immobilized lipases are, in general,
mmobilized by physical adsorption on organic matrices such as
seudozyma antarctica type B immobilized on Lewatit VPOC 1600
hat consists of poly(methyl methacrylate-co-divinylbenzene)
Novozym® 435) and Mucor miehei immobilized on macrop-
rous anion exchange resin (Lipozyme® RM IM)  from Novozymes
38–40]. These biocatalysts have high costs, mainly associated with
he support price [20]. Therefore, the use of cheaper supports
n the lipase immobilization has been proposed as an alterna-
ive to the expensive supports for further applications in large
cale processes. Several inexpensive hydrophobic supports have
een already used in the lipase immobilization by physical adsorp-
ion such as egg shell [21], phyllosilicates [10,22], bentonite [23],
olypropylene [12,13,24–27], and porous styrene-divinylbenzene
28,29].A promising hydrophobic support that can be also used
s the poly-hydroxybutyrate (PHB) beads, a polymer derivative of
oly-hydroxyalkanoates (PHAs) that is produced as an energy stor-
ge material by many bacteria. Physical and mechanical properties
f this polymer are similar to those of synthetic thermoplastics
uch as polypropylene [41]. The glass transition temperature is in
he range from 0 to 30 ◦C while the melting temperature is near
80 ◦C. The densities of crystalline and amorphous PHB are 1.26 and
.18 g cm−3, respectively, and present Young’s modulus of 3.5 GPa
nd the tensile strength of 40 MPa. PHB is highly soluble in halo-
enated solvents such as chloroform and dichloromethane [41,42].
s PHAs have been demonstrated to be a family of biopolymers
ith good biodegradability and biocompatibility [43], PHB has been
nvestigated for use in surgical suture [44], nerve repairer [45]
r soft tissue repairer [46] and matrices as cell growth support-
ng materials [47]. Recently, it has become of industrial interest
o evaluate these polyesters for a wide range of applications [47].
owever, their use as a support for lipase immobilization still has
een scarcely reported in the literature.
The aim of this work was to immobilize ﬁve microbial lipase
reparations from several sources such as two enzymatic prepa-
ations from Thermomyces lanuginosus commercially available as
ipolase® (TLL1) and Lipex® 100L (TLL2), P. antarctica type B (CALB,
lso known as lipase B from Candida antarctica), Geobacillus ther-
ocatenulatus (named BTL2) and Pseudomonas ﬂuorescens (PFL) by
hysical adsorption on small or large PHB beads to catalyze the
ransesteriﬁcation of babassu oil with ethanol in a solvent-free
edium. Immobilization parameters were estimated in the hydrol-
sis of olive oil and butyl butyrate synthesis (pineapple ﬂavor). The
bility of the immobilized BTL2 on SPHB to catalyze aliphatic esters
rom carboxylic acids (butyric, lauric and oleic) with short-chain
lcohols (ethanol and butanol) was also investigated.
The main desirable characteristic of lipases for biodiesel pro-
uction from triacylglycerols is the tolerance towards short-chain
lcohols such as methanol and ethanol, high catalytic activity and
road speciﬁcity [6,8–12,48,49]. P. antarctica type B (CALB) has a
ery small lid and does not suffer from an increase in activity by
nterfacial activation [50]. It is constituted of 317 amino acids with a
olecular weight of 33 kDa [39,51],  dimension of 30 A˚ × 40 A˚ × 50 A˚
nd isoelectric point of 6.0 [39,52]. CALB has been the most studied
ipase for biodiesel production in various reaction systems. It also
atalyzes acyl transfer reactions of various oils and acyl acceptors
alcohols or esters) showing high resistance to organic solvents,
igh thermal stability and broad substrate speciﬁcity [48,49].
ipolase® (TLL1) and Lipex® 100L (TLL2) are alkalophilic lipase
reparations from T. lanuginosus [53] and generally regarded as
egion-speciﬁc for sn-1,3 positions [54]. However, their speciﬁcity
an be inﬂuenced by many issues such as media, substrates, andgical Macromolecules 50 (2012) 503– 511
even acyl migration from the sn-2 position to the sn-1 or sn-3
positions in partial glyceride [55,56].  Both of them are single chain
protein consisting of 269 amino acids with a molecular weight of
31.7 kDa, isoelectric point of 4.4 and a size of 35 A˚ × 45 A˚ × 50 A˚
[54,57]. P. ﬂuorescens lipase (PFL) is a non-speciﬁc enzyme with a
molecular weight of 33 kDa and isoelectric point at pH 4.0 [58,59].
This lipase also displays high catalytic activity at alkaline region
[60]. Both PFL and TLL present a true lid which isolates the active
center of the lipases from the medium (closed form). It has been
found that these lipase preparations are able to aggregate into
bimolecular structures even at moderate enzyme concentrations
[50,59]. These two  lipase preparations also have been reported to
be efﬁcient biocatalysts for the transesteriﬁcation reaction with
high alcohol:oil molar ratio in solvent-free systems [8–12]. These
properties make these lipase preparations good biocatalysts for
biodiesel synthesis by transesteriﬁcation of babassu oil in solvent-
free systems. G. thermocatenulatus (BTL2) is a thermoalkalophilic
and non-speciﬁc lipase consisting of 389 amino acids with molec-
ular weight of 43 kDa and isoelectric point of 7.4 [61–63].  BTL2
is the ﬁrst crystallized lipase with double lid, which implies in a
complex catalytic mechanism [63]. It has a dimension based on its
crystal structure of 73.07 A˚ ×129.08 A˚ × 127.49 A˚ [63,64].  Although
BTL2 is highly active in aqueous systems [61,62,65],  its use in
organic systems to produce alkyl esters by transesteriﬁcation
of triglycerides with short-chain alcohols (biodiesel) and direct
esteriﬁcation of carboxylic acids with short-chain alcohols has not
been reported in the literature yet.
2. Materials and methods
2.1. Materials
Lipase preparations from P. antarctica type B (CALB), T. lanugi-
nosus named Lipolase® (TLL1), Lipex® 100L (TLL2) from Novozymes
(Araucária, Brazil) and P. ﬂuorescens (PFL) from Amano Enzyme
(Nagoya, Japan) were used without further treatment. Lipase from
G. thermocatenulatus cloned in E. coli (BTL2) was produced as
previously described [62]. The catalytic properties of the lipase
preparations are presented in Table 1. SPHB (average particle
diameters of 75–90 m)  and LPHB (average particle diameters
of 750–1180 m)  were acquired from PHB Industrial (São Paulo,
Brazil). Anhydrous ethanol was purchased from Cromoline (São
Paulo, Brazil). Butanol and carboxylic acids (butyric, lauric and
oleic) were purchased from Merck (Darmstadt, Germany). Babassu
oil was courtesy of Cognis (São Paulo, Brazil) having the following
composition in fatty acids (w/v): 3.50% caprylic, 4.50% capric, 44.7%
lauric, 17.5% myristic, 9.70% palmitic, 3.1% stearic, 15.2 oleic, and
1.80% linoleic, with 709.4 g mol−1 average molecular weight. All the
other reagents were of analytical grade.
2.2. Determination of hydrolytic activity
Hydrolytic activities (HA) of soluble and immobilized lipases
were assayed by the hydrolysis of olive oil emulsion, according to
the methodology described by Soares et al. [66], with slight modiﬁ-
cations. The substrate was  prepared by mixing 50 g of olive oil with
150 g of gum arabic solution (3 wt.%). The reaction mixture contain-
ing 5 mL  of the emulsion, 5 mL  of 100 mmol  L−1 phosphate buffer
(pH 8.0) and soluble (0.2 mL,  0.5 mg  mL−1) or immobilized (0.1 g)
lipase was  incubated for 5 min  at 37 ◦C. The reaction was stopped
by the addition of 10 mL  of commercial ethanol. The liberated fatty
acids were titrated with 20 mmol L−1 sodium hydroxide solution
in the presence of phenolphthalein as indicator. One international
unit (IU) of activity was deﬁned as the amount of enzyme required
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Table  1
Catalytic properties of lipase preparations used in the present work.
Lipase Source organism Designation Supplier Protein (mg  g−1) Activityc (IU g−1) Speciﬁc activity
(IU mg−1 of protein)
CALBa P. antarctica Lipozyme® CALB Novozymes 3.5 278.6 79.6
TLL1a T. lanuginosus Lipolase® Novozymes 18.7 6705.8 358.6
TLL2a T. lanuginosus Lipex® 100L Novozymes 25.8 10,784.4 418.0
PFLb P. ﬂuorescens AK Amano Enzyme 20.0 6092.0 304.6
BTL2a G. thermocatenulatus – – 0.67 109.1 162.8
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water bath was used to maintain the temperature at 40 C duringa Liquid lipase preparations.
b Powder lipase preparation.
c Activity measured on the olive oil emulsion hydrolysis.
o liberate 1 mol  of free fatty acid per minute under the conditions
escribed above.
.3. Determination of protein
Protein was determined according to methodology described
y Bradford using bovine serum albumin (BSA) as standard [67].
ll solutions were prepared using Milli-Q water.
.4. Immobilization of lipases on small or large PHB beads
Initially, 10 g of SPHB or LPHB was soaked into 50 mL  of anhy-
rous ethanol for 2 h at room temperature, following previous
ublished procedure [68]. After swelling step, the excess of ethanol
as removed and washed with 50 mL  of 5 mmol  L−1 sodium phos-
hate buffer at pH 7.0 under vacuum ﬁltration. The immobilization
echnique was performed using previously described protocol,
ased on the interfacial activation of lipases on hydrophobic sup-
orts at low ionic strength [30–34].  For all commercially lipases
reparations (CALB, TLL1, TLL2 and PFL) a protein loading of
 mg  g−1 of support were offered. For the BTL2, the protein load-
ng was increased to 10 mg  g−1 of support. Both lipase preparations
ere diluted in 180 mL  of 5 mmol  L−1 sodium phosphate buffer at
H 7.0 and then, PHB beads were added in each enzymatic solution
nd kept under mild stirring in shaker during 12 h (SPHB) and 18 h
LPHB) at 25 ◦C. The resulting derivatives were ﬁltered (Whatman
lter paper 41) and washed with Milli-Q water. Analyses of the
ydrolytic activities and protein concentration were carried out on
nitial and spent lipase solutions.
.5. Immobilization parameters
Immobilization yield (IY) was calculated by measuring the units
f hydrolytic activity in the supernatant before and after immo-
ilization procedure. Speciﬁc activity (SA) was  then calculated as
he hydrolytic activity of derivatives per milligram of immobilized
rotein (IU mgIP−1). Recovered activity percentage (RA) was cal-
ulated after determining the activity of the immobilized enzyme
apparent hydrolytic activity) and comparing with the number of
nzyme units that disappeared from the supernatant (theoretically
mmobilized).
.6. Esteriﬁcation reactions
A mixture consisting of butanol (100 mmol  L−1) and butyric
cid (100 mmol  L−1) diluted in heptane was used as substrate. The
eaction medium (10 mL)  was incubated with 0.5 g of the immo-
ilized derivatives at 37 ◦C during 24 h with continuous agitation
t 150 rpm, as described by Soares et al. [66]. The yield into butyl
utyrate was quantiﬁed by measurements of the concentration of
esidual butyric acid in the reaction mixture. Samples were with-
rawn (150–200 mg), diluted in 10 mL  of an ethanol/acetone 50:50
v/v) mixture and titrated with ethanol KOH solution (20 mmol  L−1)using phenolphthalein as the end-point indicator. BTL2 immobi-
lized on SPHB was used as biocatalyst in the esteriﬁcation reaction
of carboxilic acids (butyric, lauric and oleic) with ethanol or butanol
in the same conditions as above described, varying molar ratio of
alcohol to carboxylic acid (1:1 and 1:9).
2.7. Transesteriﬁcation reactions
Reactions were performed in 25 mL  closed ﬂasks containing
20 g of substrate consisting of babassu oil (12.6 g) and anhydrous
ethanol (7.4 g) without the addition of solvents, at ﬁxed molar ratio
oil to alcohol (1:9) [11]. The mixtures were incubated with free
(12.6 mg  protein) and immobilized lipases on PHB beads at propor-
tion of 10 wt.% in relation to the total weight of reactants involved
in the reaction media. Reactions were performed for a maximum
period of 96 h under constant magnetic agitation of 180 rpm at
45 ◦C. For the time course studies, an aliquot of reaction medium
was taken at various time intervals and diluted in hexane for gas
chromatograph analysis.
2.8. Gas chromatograph analysis
Ethyl esters derived from ethanolysis of babassu oil were ana-
lyzed by gas chromatograph using a Varian CG 3800 model (Varian,
Inc. Corporate Headquarters, Palo Alto, CA, USA) equipped with
ﬂame–ionization detector and 5% DEGS on Chromosorb WHP
80/100 mesh (6 ft 2.0 mm  ID) in stainless steel packed column
(Restek, Frankel Commerce of Analytic Instruments Ltd., SP, Brazil).
Nitrogen was used as the carrier gas with a ﬂow rate of 25 mL  min−1.
Temperature programming was  performed. The column tempera-
ture was kept at 90 ◦C for 3 min, heated to 120 ◦C at 25 ◦C min−1 and
kept constant for 10 min. Then, the temperature was programmed
at 25 ◦C min−1 to 170 ◦C and kept constant for 15 min. The tem-
peratures of the injector and detector were set at 250 ◦C. Data
collection and analyses were performed using the software Galaxie
Chromatography Data System version 1.9. Calibration curves were
built from standard ethyl esters (ethyl caproate, caprate, laurate,
myristate, palmitate, stearate, oleate, linoleate) using hexanol as
internal standard. The ethyl ester yield was calculated by taking
into account the mass of ester content obtained by GC analysis and
the total theoretical ester mass based on the reaction molar ratio
[8,9,11,14].
2.9. Ethyl esters viscosity determination
The kinematic viscosity of ethyl esters (biodiesel) was  deter-
mined with LVDV-II cone and plate spindle Brookﬁeld viscosimeter
(Brookﬁeld Viscometers Ltd., U.K.) using a CP 42 cone. A circulating
◦the assays. The shear stress measurements were taken as a func-
tion of shear rate, and the dynamic viscosity was determined as
a slope constant. Biodiesel samples of 0.5 mL  were used and the
measurements were replicated three times.
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Table 2
Immobilization parameters of lipase preparations from several sources on small and large PHB beads. The parameters were measured on the hydrolysis of olive oil emulsion
at  pH 8.0 and 37 ◦C.
Lipase PHB Immobilization parameters
IYa (%) HAb (IU g−1 of support) SAc (IU mgIP−1) RAd (%)
CALB SPHB 100 135.5 ± 6.0 27.1 ± 1.20 34.0 ± 1.5
LPHB 100 43.0 ±  4.8 8.68 ± 0.88 10.8 ± 1.2
TLL1  SPHB 100 1558.1 ± 17.6 313.2 ± 2.00 86.9 ± 1.0
LPHB 100 200.0 ± 29.5 40.0 ± 5.90 11.2 ± 1.6
TLL2  SPHB 100 1717.5 ± 23.0 343.5 ± 4.60 82.2 ± 1.1
LPHB  100 190.2 ± 13.8 38.0 ± 2.76 9.10 ± 0.7
PFL  SPHB 78.7 ± 4.57 1099.6 ± 100 284.9 ± 25.9 91.7 ± 2.9
LPHB 59.4  ± 3.78 212.8 ± 42.2 75.7 ± 15.0 23.3 ± 3.2
BTL2 SPHB 100 256.6 ±  19.3 34.4 ± 2.40 15.8 ± 1.1
LPHB  67.2 ± 2.70 69.6 ± 10.8 13.9 ± 1.80 6.30 ± 0.7
a IY – immobilization yield (%).
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oHA – hydrolytic activity (IU g of support).
c SA – speciﬁc activity (IU mgIP−1).
d RA – recovered activity (%).
. Results and discussion
.1. Immobilization of lipases on SPHB and LPHB beads
Results displayed in Table 2 showed that CALB, TLL1 and TLL2
ere completely immobilized on either small or large PHB beads.
or these three lipase preparations, the particle size of the support
id not exert any inﬂuence on the immobilization yield (IY), ratio
etween activity immobilized and activity initially offered. Gener-
lly, during the immobilization by physical adsorption on highly
ydrophobic matrices, the lipase undergoes changes in its confor-
ation in the presence of the support surface and is adsorbed in
he open conformation (monomolecular structure) [12]. According
o the results reported here, the incubation of lipase preparations
rom T. lanuginosus (TLL1 and TLL2) in the presence of small or
arge PHB beads shifted the equilibrium between close (bimolec-
lar aggregates) and open conformation towards monomolecular
tructures (open conformation), allowing complete enzyme immo-
ilization. CALB also was completely immobilized on either small
r large PHB beads, however, no bimolecular aggregates was identi-
ed even at high enzyme concentrations [50]. However, for PFL and
TL2 a strong inﬂuence of the particle size on the immobilization
ield was veriﬁed. For PFL and using SPHB, around 78.7 ± 4.6% of
ipase activity initially offered was immobilized, and using LPHB the
mmobilization yield decreased to 59.4 ± 3.8%. BTL2 was  also com-
letely immobilized on SPHB. On the other hand, replacing SPHB
y LPHB, only 67.2 ± 2.7% of the enzymatic activity initially offered
as immobilized. This strong inﬂuence of the particle size on the
mmobilization yield of PFL and BTL2 may  be attributed to diffu-
ion problems of the bimolecular aggregates of lipases that may
educe the immobilization rate when the particle size of the sup-
ort increases. Generally, the speciﬁc surface area of small particles
s higher than large particles [23,26]. Hence, more surface area on
mall PHB beads is free for the immobilization of the lipases.
From the data presented in Table 2, the hydrolytic activ-
ty, speciﬁc activity and recovered activity of the biocatalysts
ere also strongly inﬂuenced by the particle size of the sup-
ort. SPHB derivatives presented higher hydrolytic activities than
erivatives from LPHB, as well as higher speciﬁc activity and
ecovered activity. The derivatives with highest hydrolytic activ-
ty were obtained by using lipase preparations from T. lanuginosus
LL2 (1717.5 ± 23.0 IU g−1) and TLL1 (1558.1 ± 17.6 IU g−1), fol-
owed by PFL (1099.6 ± 100 IU g−1), BTL2 (256.6 ± 19.3 IU g−1) and
ALB (135.5 ± 6.0 IU g−1) immobilized on SPHB. Replacing SPHB by
PHB, a strong decrease in the hydrolytic activity of the biocata-
ysts was observed. These results can be explained by steric effects
f large PHB beads (LPHB) which had signiﬁcant inﬂuence on thelipase conformation, leading to the changes of the enzyme activity
or diffusional limitations that restricted the contact between the
active site of the lipase and substrate (olive oil). It is well known
that diffusional limitations become more a restraining factor as
the diameter of the support beads increases [13,26,27,69].  Results
displayed in Table 2 show that the speciﬁc activity of the biocata-
lysts, ratio between hydrolytic activity and immobilized protein
amount, also decreased after immobilization on LPHB. The bio-
catalysts prepared by immobilizing on SPHB beads followed the
speciﬁc activity of the free lipases: TLL2 > TLL1 > PFL > BTL2 > CALB
(see Table 1). However, the immobilization of lipases on LPHB
beads led to conformational changes of the immobilized lipases.
Among the biocatalysts prepared, PFL displayed the highest spe-
ciﬁc activity (75.7 ± 15.0 IU mgIP−1), almost twice as high as the
lipase preparations TLL1 and TLL2 (around of 40.0 IU mgIP−1). The
immobilization on PHB beads reduced drastically the speciﬁc activ-
ity of CALB and BTL2, in comparison to the speciﬁc activity values
for free enzymes (see Table 1). For CALB, speciﬁc activity var-
ied from 27.1 ± 1.20 to 8.68 ± 0.88 IU mgIP−1, while for BTL2 the
speciﬁc activity 34.4 ± 2.40 to 13.9 ± 1.80% by immobilizing on
SPHB and LPHB, respectively. The conformational change on the
three-dimensional structure of lipase (that inﬂuences its catalytic
activity) depends on the structure of the enzyme and nature of the
surface and pores of the support [70]. Among the biocatalysts pre-
pared, the immobilization of TLL2 on small PHB  beads displayed
highest speciﬁc activity, while the immobilization of PFL on large
PHB beads led to better conformation of the enzyme, rendering the
highest speciﬁc activity among the biocatalysts prepared on LPHB.
The immobilization of PFL on small PHB beads (SPHB) allowed
obtaining a biocatalyst with the highest recovered activity
(91.7 ± 2.9%), followed by TLL1 (86.9 ± 1.0%), TLL2 (82.2 ± 1.1%),
BTL2 (34.4 ± 2.40%) and CALB (27.1 ± 1.20%). Interestingly, the
immobilization of lipase molecules on highly hydrophobic supports
shows a dramatic hyperactivation [31,34,65,71]. However, a slight
reduction of the recovered activity of lipases immobilized on PHB
beads was  veriﬁed due to low accessibility of the large substrate
(olive oil) to the active center of the lipase (diffusional limitations).
Palomo et al. evaluated the inﬂuence of different substrates such
as ethyl butyrate and p-nitrophenyl propionate (pNPP) on the rela-
tive activity of microbial lipases such as P. antarctica (CALB), Candida
rugosa (CRL) and M. miehei (MML)  immobilized by physical adsorp-
tion on octadecyl-Sepabeads beads [31]. The authors observed the
highest relative activity for the biocatalysts when performed with
smaller substrate (ethyl butyrate) which can easily accessed the
active site of the immobilized enzyme. Another possible explana-
tion is the distortion of a certain fraction of lipase molecules caused
by the bad orientation between the enzyme and support during
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tgray) and large (black) PHB beads. The reactions were performed at 37 C and 24 h,
sing a molar ratio butanol and butyric acid (1:1) in heptane system and 10 wt.%
mmobilized lipases.
he immobilization step (randomic immobilization) by offering low
nzyme loading [24,70]. Drastic reduction on the recovered activ-
ty was found for lipase preparations from T. lanuginosus (TLL1 and
LL2). The recovered activity of TLL1 and TLL2 immobilized on LPHB
as reduced by a factor eight and nine, respectively, in relation
o the SPHB derivatives. This strong interaction between T. lanugi-
osus lipases (TLL1 and TLL2) and PHB beads had a positive effect
n the immobilization yield, but also caused strong diffusional lim-
tation of the substrate to active site of the immobilized lipases
nd a possible distortion of its native structure. However, for CALB
nd BTL2 this reduction was around threefold. Recovered activity
f PFL immobilized on LPHB was reduced in the order of fourfold,
owever the biocatalyst displayed the highest recovered activity
mong the biocatalysts (23.3 ± 3.2%), in agreement to the results of
peciﬁc activity. Based on these results, lipases from several sources
howed very different mechanisms of adsorption and orientation
hen immobilized on the two conformations of hydrophobic PHB
eads (small or large PHB beads), which allowed the modulation of
he catalytic properties of lipases.
.2. Butyl butyrate synthesis
The catalytic activity of the lipase preparation derivatives was
lso investigated in an organic medium in the butyl butyrate syn-
hesis (pineapple ﬂavor) via direct esteriﬁcation (Fig. 1). The highest
utyl butyrate concentration (>90 mmol  L−1) was found in the reac-
ions mediated by commercial lipase preparations. Commercial
ipase preparations immobilized in both PHB beads showed good
ctivity and the particle size of the support had no inﬂuence on the
steriﬁcation activity of the derivatives. Lipase preparations from
. lanuginosus (TLL1 and TLL2) and P. ﬂuorescens (PFL) were more
ctive than P. antarctica type B (CALB) in aqueous medium (olive
il emulsion hydrolysis). However, the catalytic activity of the four
ommercial lipase preparations displayed similar performance on
utyl butyrate synthesis. According to data reported in the litera-
ure, lipases from T. lanuginosus and P. ﬂuorescens are very efﬁcient
n emulsiﬁed triglycerides hydrolysis, but the enzymes could be
nactivated in organic medium [8,11,16,25]. These lipase prepa-
ations are “typical lipases” with a large lid domain that covers
heir active sites [25]. Synthetic activity is highly dependent ongical Macromolecules 50 (2012) 503– 511 507
the degree of hydration and a minimum amount of water is nec-
essary to maintain the optimal conformation of the enzyme [15].
Conversion between two conformations (open and closed) of T.
lanuginosus (TLL1 and TLL2) and P. ﬂuorescens (PFL) involves large
internal movements and catalysis probably requires more protein
mobility than in CALB, which does not have a typical lid region.
Butyl butyrate synthesis mediated by immobilized BTL2
attained high yield, ranging from 80 to 90 mmol L−1 at 24 h, a
slightly lower performance than that of the immobilized commer-
cial lipase preparations. These results contrast with the low activity
in the hydrolysis reaction achieved with this preparation, which
may  be attributed to diffusional limitations due to the strong inter-
action between the two  lids of the lipase with the surface of the
support. Thus, a reduction on the access of large substrate to its
active site (olive oil) was  veriﬁed, but this allowed a good dif-
fusion of short-chain substrates (butanol and butyric acid). BTL2
has been broadly applied in aqueous media in the enantio- and
regiospeciﬁc hydrolysis of esters and triacylglycerols [33,61,62,65].
However, its application in biotransformation reactions in organic
medium has still few reports in published literature. Based on these
results, the lipase showed promising results in esteriﬁcation reac-
tions which play an important role in the production of ﬂavor
esters.
3.3. Biodiesel synthesis
Evaluation of lipases was performed to ﬁnd the immobilized
biocatalyst with the best catalytic activity in the transesteriﬁcation
of babassu oil with ethanol in solvent-free systems. Fig. 2(a)–(d)
shows the ethyl esters yield and the viscosity reduction versus time
reaction. In all reaction systems, a good dispersion of the biocatalyst
in the reaction medium was veriﬁed as well as an easiness of the
product separation (biodiesel) at the end of the reaction.
The observation of Fig. 2(a)–(d) indicates that all tested lipases
were able to form ethyl esters from babassu oil, except BTL2 that
did not display any transesteriﬁcation activity. Full conversion into
ethyl esters (biodiesel) was  achieved at 72 h for transesteriﬁcation
reaction catalyzed by CALB and TLL2 immobilized on either SPHB
or LPHB and PFL immobilized on LPHB. The maximum ethyl esters
yield catalyzed by TLL1 ranged from 80 to 85% after 96 h reaction.
Although both TLL1 and TLL2 are commercial lipase preparations
from T. lanuginosus commercially available from Novozymes, TLL2
(Lipex® 100L) presented higher hydrolytic and transesteriﬁcation
activities than TLL1 (Lipolase®). These lipase preparations were
also tested in the modiﬁcation of poly(ethylene terephtalate) (PET)
fabrics in aqueous systems, followed by a grafting process with
acrylic acid (AA) to improve its absorption properties [72]. The
results showed that TLL2 also displayed highest catalytic activity
on the modiﬁcation of PET fabrics, in agreement with our results.
Among them, the catalytic properties of TLL1 have been well docu-
mented in the literature [9,11,54]. However, technical information
regarding the lipase preparation Lipex® 100L (TLL2) is still seldom
reported and thus speculations about its structure/activity can exist
presently. The different performance of these two lipase prepa-
rations could be attributed to different additives and preserving
agents present in the formulations which play an important role
on its catalytic properties [73] or that TLL2 is a variation of TLL1
obtained by genetic modiﬁcation.
For lipase preparations from T. lanuginosus (TLL1 and TLL2) and
P. antarctica type B (CALB), the particle size of the support did not
have inﬂuence on the transesteriﬁcation reaction. On the other
hand, the particle size of the support exerted strong inﬂuence on
the transesteriﬁcation activity of PFL. In aqueous medium (olive oil
emulsion hydrolysis), PFL immobilized on SPHB presented higher
catalytic activity than immobilized on LPHB. In this medium, the
catalytic activity of PFL immobilized on SPHB was better adapted
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Fig. 2. Relation between viscosity (circle) and ethyl esters yield (square) for transesteriﬁcation catalyzed by lipase preparations TLL1 (a), TLL2 (b), CALB (c) and PFL (d)
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lmmobilized on small (full) and large (open) PHB beads. The reactions were perform
0  wt.% immobilized lipases.
han the LPHB. Therefore, PFL derivatives displayed a different per-
ormance in organic medium. For butyl butyrate synthesis, the
article size of the support exhibits no inﬂuence on catalytic activity
f the lipase preparation. Conversely, biodiesel synthesis catalyzed
y PFL immobilized on LPHB presented higher transesteriﬁcation
ctivity than SPHB derivative. It can be seen that, full conversion
nto ethyl esters (biodiesel) catalyzed by PFL immobilized on LPHB
nd SPHB was reached at 72 and 96 h of reaction, respectively.
ccording to the results, the increase of the particle size of PHB
ncreased the transesteriﬁcation yield of P. ﬂuorescens lipase (PFL).
mong the biocatalysts produced by immobilizing on large PHB
eads, PFL displayed the highest speciﬁc activity and recovered
ctivity values (see Table 2). Thus, the biocatalyst was also more
ctive in transesteriﬁcation reactions due to the formation of a con-
ormation more active of the enzyme in comparison to other four
ipase preparations. The effect of the glycerol in the core of the bio-
atalyst also could explain these results. Glycerol could be more
asily adsorbed on the surface of small PHB beads (highest surface
rea) inducing a drastic decrease of the catalytic activity of PFL due
o formation of a hydrophilic layer around the enzyme resulting
n diffusional limitations during triglyceride transfer to the active
ite of the lipase [13]. Therefore, this effect was not veriﬁed for
he other lipase preparations due to the different features of each
ipase and the interaction with the support. Microbial lipases are solvent-free systems at 45 ◦C, using a molar ratio of babassu oil:ethanol (1:9) and
generally inactivated by short-chains such as methanol and ethanol
[6,7,10]. Therefore, the inactivation of PFL by incubating at sub-
strate containing high ethanol concentration may  be discharged.
This lipase preparation showed to have high ethanol tolerance as
already described in the literature [8,11].  It seems that small and
large PHB beads protected all lipase preparations, including PFL, by
the inhibiting action of ethanol. Physical adsorption of lipase from
P. antarctica type B on polypropylene-based hydrophobic matrix
Accurel MP1001 with similar particle size (≤1000 m) also dis-
played the highest catalytic activity on butyl oleate synthesis [13].
In another study, Foresti and Ferreira veriﬁed that the highest
reaction rate in ethyl oleate synthesis was attained by C. rugosa
lipase immobilized by physical adsorption on highly-hydrophobic
polypropylene particles having large particles size, which is in
agreement with our ﬁndings [27].
Transesteriﬁcation of babassu oil with ethanol in a solvent-
free system catalyzed by lipase preparations immobilized on PHB
beads with different particle sizes aimed at obtaining ethyl esters
with kinematic viscosity values in accordance with speciﬁcations
recommended by the American Society for Testing and Materials
(ASTM) D6751 for biofuel, except ethyl ester synthesis catalyzed
by TLL1 immobilized on LPHB. As can be seen in Fig. 2, the vis-
cosity of ethyl esters produced by transesteriﬁcation of babassu oil
catalyzed by PFL immobilized on LPHB, CALB and TLL2 derivatives
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Table  3
Yield and productivity in ethyl esters catalyzed by lipase preparations immobilized on small and large PHB beads. All reactions were performed in solvent-free systems at
45 ◦C, using a molar ratio of babassu oil:ethanol (1:9).
Lipase PHB IP amount g−1
of oil (mg  g−1)a
Yield (%) Time of reaction (h) Productivity (mg
biodiesel mgIP−1 h−1)24 h
CALB
Free 1.00 0 96 0
SPHB 0.79 100 72 21.4
LPHB 0.79 100 72 18.9
TLL1
Free 1.00 54.0 96 16.8
SPHB 0.79 85.2 96 22.8
LPHB 0.79 80.7 96 23.4
TLL2
Free 1.00 5.80 96 0
SPHB 0.79 100 72 25.7
LPHB 0.79 100 72 25.1
PFL
Free 1.00 64.0 96 14.9
SPHB 0.61 100 96 15.8
LPHB 0.45 100 72 40.9
BTL2
Free 1.00 0 96 0
SPHB 1.17 0 96 0
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a IP – immobilized protein (mg  g−1).
ave acceptable values, in the range limit from 3.0 to 6.0 mm2 s−1,
fter 72 h of reaction (≈3.5 mm2 s−1). At 96 h reaction, the viscos-
ty of the biodiesel produced by TLL1 immobilized on SPHB was
ound to be 5.9 mm2 s−1, except the transesteriﬁcation catalyzed
y LPHB derivative (6.8 mm2 s−1), which is outside the speciﬁca-
ions for biofuel. For PFL immobilized on SPHB, an acceptable level
f viscosity was also found after 96 h of reaction (in the order
f 3.6 mm2 s−1). According to Fig. 2(a)–(d), the transesteriﬁcation
eaction decreased the viscosity of babassu oil, thus enhancing its
uidity in diesel engines.
The concentration of free and immobilized protein offered,
ield and productivity into ethyl esters at 24 h are displayed in
able 3. Immobilized protein (IP) concentrations offered, based on
he amount of immobilized lipase to catalyze biodiesel synthesis by
ALB, TLL1, TLL2, immobilized on either SPHB or LPHB, and BTL2
mmobilized on LPHB, was found to be 0.79 mg  g−1 of oil. BTL2
mmobilized on SPHB was the system with the highest immobilized
ipase concentration offered (1.17 mg  g−1 of oil). The immobiliza-
ion of lipases from commercial preparations or crude extracts on
ydrophobic supports has also been broadly used in the puriﬁcation
f these enzymes by selective adsorption [30,32–34,65,74]. How-
ver, other hydrophobic proteins present in the crude extract could
e also adsorbed [65]. Thus, the biocatalysts prepared from BTL2
rude extract may  contain lipase and other hydrophobic proteins.
he concentration of immobilized protein offered in the transes-
eriﬁcation of babassu oil catalyzed by PFL were lower than other
ipase preparations tested; 0.61 and 0.45 mg  g−1 of oil for lipase
mmobilized on SPHB and LPHB, respectively. In this set of exper-
ments, free lipases were also used for comparative purposes by
ffering 1 mg  protein g−1 of oil. It is expected that the immobi-
ization process may  bring about conformational changes to the
ridimensional structure of the enzymes and the adsorption of
ater or substrate through support could change its properties and
onsequently the ethyl ester yield.
Immobilized lipases were consistently more active than the
ree form in the transesteriﬁcation of babassu oil, in agree-
ent to the results reported by Iso et al. [10]. Under these
onditions, the aggregates of lipases formed by strong interac-
ion of hydrophobic pockets surrounding the active site of lipase
olecules in open conformation were displaced to monomericorm. Strong inactivation of CALB and TLL2 was found, while
ree TLL1 and PFL yielded 54 and 61% of ethyl esters after 96 h
f reaction, respectively. The productivity into ethyl esters was
ound to be 16.8 and 14.9 mg  biodiesel mgIP−1 h−1, for TLL1 and96 0
PFL, slightly less than immobilized lipases. PFL immobilized on
LPHB presented the highest productivity into ethyl esters at 24 h
(40.9 mg  biodiesel mgIP−1 h−1), almost three times higher than the
immobilized derivative on SPHB (15.8 mg biodiesel mgIP−1 h−1).
Derivatives from T. lanuginosus (TLL1 and TLL2) and CALB yielded
productivity into ethyl esters at 24 h varying from 18.7 to
25.7 mg  biodiesel mgIP−1 h−1.
Based on these results, PFL immobilized by physical adsorption
on LPHB was  the most suitable biocatalyst for biodiesel synthesis
by transesteriﬁcation of babassu oil with ethanol in solvent-free
systems, followed by TLL2 and CALB immobilized on either SPHB
or LPHB. This implied that for PFL a less immobilized protein
was required to achieve optimum activity. It is clear that this
would have important economic implication on the selection of
the lipase preparation for industrial biodiesel synthesis. In agree-
ment with these results, previous screening of commercial lipases
reported in the literature show that PFL was  the immobilized
biocatalyst with the highest transesteriﬁcation activity [8,10,12].
Moreira et al. [8] investigated the transesteriﬁcation of palm oil
with ethanol in a solvent-free system catalyzed by lipases from
several sources immobilized by covalent attachment on hybrid
support polysiloxane-polyvinyl alcohol. The best performance on
the biodiesel synthesis was  attained with P. ﬂuorescens lipase that
reached almost full conversion (≈98%) in less than 24 h of reaction.
Salis et al. [12] screened eight microbial lipase preparations immo-
bilized by hydrophobic adsorption on macroporous polypropylene
in the biodiesel synthesis from different feedstocks and the highest
yield and productivity into methyl esters also was  attained by P.
ﬂuorescens lipase.
3.4. Esteriﬁcation reactions catalyzed by immobilized BTL2 on
SPHB
In spite of their transesteriﬁcation activities, BTL2 immobilized
derivatives displayed high esteriﬁcation activities as determined in
the butyl butyrate synthesis (see Fig. 2). Therefore, the ability of the
BTL2 immobilized derivative on small PHB beads (SPHB) to catalyze
other aliphatic esters was investigated. In this set of experiments,
BTL2 was  tested in the esteriﬁcation reactions of butyric (BA), lau-
ric (LA) and oleic acid (OA) with ethanol (Et) and butanol (But) at
various molar ratios. Fig. 3 displays the molar yields into aliphatic
esters.
The maximum yield was reached for the esteriﬁcation of
butyric acid with butanol (BA/But), rendering butyl butyrate
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Fig. 3. Esteriﬁcation of butyric (BA), lauric (LA) and oleic acids (OA) with ethanol (Et)
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[nd butanol (But) catalyzed by BTL2 immobilized on small PHB beads. The reactions
ere performed at 37 ◦C and 24 h, using a molar alcohol and carboxylic acid (1:1) in
eptane system and 10 wt.% derivative BTL2-SPHB.
oncentrations around 90 mmol  L−1. Esteriﬁcation of oleic acid with
utanol (OA/But) yielded 70 mmol  L−1 of butyl oleate. Replacing
utanol by ethanol, ethyl oleate concentration was found to be
0 mmol  L−1 and using ethanol in excess (1:9) the ester concen-
ration was similar to that one attaining in the reaction carried out
nder equimolar concentration (1:1), showing no inﬂuence of the
thanol concentration on the ethyl oleate synthesis. In the case of
steriﬁcation of lauric acid with ethanol (LA/Et), when conducted
ith equimolar concentration (1:1), a slight increase on the yield
n ester was veriﬁed in relation to the assay performed in excess
f ethanol (1:9). According to the results, the BTL2 showed high
atalytic activity in organic medium in the esteriﬁcation reactions
f carboxylic acids with short-chain alcohols such as ethanol and
utanol.
In an organic medium, BTL2 did not display catalytic activity
n the transesteriﬁcation reaction. On the other hand, the lipase
reparation showed to be active in the esteriﬁcation of short-chain
lcohols with carboxylic acids. According to the results, BTL2 dis-
layed a promising performance in aliphatic esters synthesis that
ave vast applications in cosmetic, pharmaceutical and food indus-
ries as ﬂavors in fruit juices, cheeses, beverages and ice creams.
. Conclusions
PHB was found to be a suitable support for lipase immobiliza-
ion, enabling the preparation of highly active immobilized lipases
n organic (ester and biodiesel synthesis) or aqueous (olive oil emul-
ion hydrolysis) media. Hydrolytic activity, speciﬁc activity and
ecovered activity were drastically reduced with lipases immobi-
ized on large PHB beads (LPHB) due to the mass transfer limitations
f substrate to the active site of the lipases. In the butyl butyrate
ynthesis, the particle size of the support did not exert any inﬂuence
n the catalytic activity of the derivatives. The catalytic activity of
mmobilized lipases was highly increased in comparison with free
ipases in biodiesel synthesis, mainly for TLL2 and CALB in which
ere completely inactivated under the experimental conditions.
FL immobilized on LPHB beads presented the highest produc-
ivity in ethyl esters, almost threefold higher than the prepared
[
[gical Macromolecules 50 (2012) 503– 511
immobilized derivative in small PHB beads (SPHB). Lipex® 100L
(TLL2) and CALB immobilized on either SPHB or LPHB beads also
presented high catalytic activity on transesteriﬁcation of babassu
oil with ethanol in solvent-free system. The kinematic viscosity of
the ethyl esters (3.4–5.9 mm2 s−1) are in accordance with speci-
ﬁcations recommended by the ASTM D6751 to be used as a fuel,
except for the biodiesel sample obtained in the synthesis catalyzed
by TLL1 immobilized on LPHB beads. Although immobilized BTL2
has displayed high catalytic activity on aliphatic esters synthesis,
this lipase preparation was  considered to be inadequate to catalyze
biodiesel synthesis. Here, we have demonstrated that PHB beads, a
cheap support, is compatible with lipase preparations from several
sources, rendering biocatalysts with interesting properties that can
be used in both organic and aqueous media.
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